Abstract: This study investigates the effect of filament winding angles on the crushing behavior of hollow kenaf fibre yarn reinforced unsaturated polyester composites produced by the filament winding technique. The two winding angles studied were ±45 o and ±90 o . The experimental work was conducted using a filament winding machine modified from an existing lathe machine. Load-displacement curves were obtained from the study. From the load-displacement response of the composite specimens, the crashworthiness parameters were obtained. This investigation showed that the initial failure was dominated by the interfacial and shear failure, while the delamination and eventually fibre fracture dominated the failure mechanism after the initial failure. It is also found that the static crushing behaviour of the structural hollow composite is very sensitive to the change in different winding angles between ±45 
Introduction
Nowadays composites made of synthetic fibres are used in many types of industries e.g. in aerospace, automotive and construction [1, 2] . Hambali et al. [3] reported that polymer composites containing carbon and glass fibres have been utilised extensively in many types of industries. Since the matrices and the fibre reinforcements in these composites are based on petroleum resources, their long term sustainability is problematic [4] . As the morphology of composite mixture is very complicated, so recycling of composite is very difficult to carry out. Although recycling seemed to be a viable strategy, doing that would change the properties of composite materials. Natural fiber has been introduced as reinforcement for composites, which offers certain advantages to the environment particularly when the composite is landfilled or incinerated [5] . There are many advantages of natural fibres compared with synthetic fibres such as low cost, low density, acceptable specific strength, biodegradability, reduced dermal and respiratory irritation, high toughness, and minimum use of non-renewable resources [6] .
The fabrication with filament winding technique is more commonly used these days because of its lower material cost and shorter winding times in comparison with prepreg winding. Furthermore, the resin formulation can be varied to meet specific requirements for different hollow composite parts. Filament winding is the major manufacturing process in the mass production of advanced composites such as pipes and internal high pressure vessels [7, 8] , that is, filament wound outer shells for solid rocket motors, fishing rods, pipes and shafts, and cylindrical structures [9] .
The studies of Ha and Jeong [10] and Sapuan et al. [11] were concerned with crushing behaviour test involving a variety of parameters of the specimens such as fibre angle, structure geometry and different types of layer for filament winding technique. Mahdi et al. [12] investigated static crushing tests of oil palm frond fibre circular conical composite shells. Filament winding of laminate carbon/epoxy and glass/epoxy composites was developed to study the effect of structural geometry. Ramachandran [13] reported the research work on the non-conventional cross-sectioned glass/carbon composite pipes in rectangular and triangular cross-sections fabricated from filament winding.
Alkbir et al. [14] investigated the effect of geometry on energy absorption capability and load-carrying capacity of natural kenaf fibre reinforced composite hexagonal tubes. In another study, natural silk was used in textile composites and the crashworthiness parameters were analyzed to determine energy absorbing capability of the composites and the specimens were made from silk/epoxy square tube composites [15] .
Kenaf is an important type of plant from which kenaf fibres are produced. It is now intensively cultivated to produce fibres in countries like Malaysia and China and it can be regarded as a commodity tree. Kenaf yarn based composites are continuous form of composites with the reinforcements are made from continuous kenaf yarns and these yarns are impregnated with polymer matrices such as unsaturated polyester and epoxy. These composites are made in continuous processes such as filament winding and pultrusion.
In the past research work on kenaf fibre composites had been investigated by many researchers by looking at various aspects of studies such as tensile properties of kenaf composites [16] , hybridization of kenaf-Kevlar composites for spall lining application [17, 18] , conceptual design studies of hybrid glass-kenaf composites for automotive components [19] and pultrusion process of kenaf fibre reinforced vinyl ester composites for engineering application [20] .
Limited studies had been carried out to investigate the effect on winding angles on the mechanical properties of composites. Hamada et al. [21] , the cracks perpendicular to the fiber direction were inhibited effectively by the fibers but for the winding angle of 40 o no fractured fibers were observed and it was strongly related with the crushing mechanisms at different winding angles.
The effect of winding angles on crushing behavior of filament wound hollow kenaf yarn fibre reinforced unsaturated polyester composites is presented in this paper. Hoop winding is used to deposit fiber close to 90 o to the longitudinal axis of mandrel. Helical winding is used to lay fibers at various winding angles to the longitudinal axis. In this study hoop and helical windings were applied.
Justifications of carrying out this work include the need to use filament winding for kenaf fibre composites for structural applications. In the past there was limited work performed on the use natural fibre composites (particularly kenaf composites) in different types of composite manufacturing processes such as filament winding and pultrusion. Previous work was only restricted to the use of compression and injection moulding. Filament winding process can produce components with exceptional strength and stiffness because the fibres are used in continuous form rather than in particulate form. In addition, the use of filament winding can produce components with excellent energy absorption capability. 
Experimental

Filament Winding Process
Filament winding used in this study was developed from existing lathe machine with major modification [23] . The same machine was used to determine the torsional properties of the currently investigated composite materials [24] . In this study, hoop and helical windings were performed, whereby the unsaturated polyester (UP) impregnated yarns were wound at 90 o onto the rotation mandrel, which was made of a hollow, circular, aluminum rod. The UP impregnated composites were wound around the mandrel repeatedly and eventually covered the surface of the mandrel. A mandrel is often used in fabricating industrial composites and natural fibre composites (such as kenaf) using the filament winding process. Kenaf fibre yarn was impregnated with resin prior to winding around the mandrel surface to produce composite components or parts. The mandrel was removed after the parts had been cured. An improved type of mandrel had been invented to overcome the difficulty in removing the mandrel once the parts had been cured. This was achieved by creating a mandrel with the ability to change its shape. The mandrel became elastic once heated above a certain temperature and became rigid after the cooling process. The mandrel was re-shaped into the desired shape during heating to accommodate the removal of the mandrel from the composite parts as shown in Figure 1 .
In fabricating this composite, it was necessary to control the speed of the moving carriage for the resin bath. Increasing the speed of the moving carriage caused the angle of the yarn wound on the mandrel to decrease. 
Compressive Tests
Compressive tests were conducted using an Instron model MTS 3382 machine, according to ASTM D3410. Hollow specimens of compression were cut using a vertical saw, and had dimensions of 150 mm (L)×25 mm (W)×3 mm (T). A compressive test machine of capacity 100 kN was used in this study. This machine was located at Department of Mechanical and Manufacturing Engineering Laboratory, Universiti Putra Malaysia as shown in Figure 3 . The dimensions of 90 o and 45 o wound kenaf fibre-reinforced unsaturated polyester specimens for the compressive test are shown in Figure 4 .
Formulation of Compressive Theory
From the load-displacement response of the composite specimens, the crashworthiness parameters were obtained. These are useful in comparing different composite materials and structures regarding their load-carrying capacity and energy absorption capability. Load-displacement diagrams analyze the crashworthiness characteristics with respect to the following important parameters.
Initial Crushing Load (F peak ) The initial crushing load can be obtained directly from the load-displacement response of the first highest initial peak load as reported by Alkbir et al. [14] .
Mean-crushing Stress
The mean crushing stress ( ) (with the unit in MPa) is the mean crushing force, F mean divided by the original cross sectional area, A of the energy absorber [25] .
Crush Force Efficiency
The Crush force efficiency, F E is the ratio between mean crush load and initial crush load [26] . It is calculated as:
Specific Crushing Energy (Es)
The specific energy absorption is defined as energy per unit mass of a material. Figure 5 is a typical load displacement curve obtained from the crushing history of filament wound kenaf fibre/unsaturated polyester hollow composites. Equation (1) is used to determine area under the load in displacement curve.
(1)
In equation (1), E M is defined as the total energy absorbed in crushing of the hollow tube composite specimen. A better characteristic property of progressive crushing mode is:
(2) Equation (2) defines crush distance between S b and S i in crushing as indicated in Figure 5 and P is the mean crush load. The specific energy absorption E s capability (kJ/kg), also called the energy absorbed per unit mass of material is given by:
where w is the weight of the composite material. Then the two equations were substituted, E M with equation (3) and weight with density is multiplied with volume. The specific energy absorption E s can also be written as:
where V is the volume of the crushed portion of the composite material and d is the density of the hollow composite. Next the volume with the cross sectional area was multiplied with length (5) where A is the cross sectional area and L is the length of the crushed portion of the hollow composite respectively. If S i is very small than S b the equation can be written as:
The ratio of S b to L is a measure of the collapsibility of the hollow composite, which is expressed as follows: (7) When substituting the value of K in the equation (7) the above equation can be written as (8) where is the mean crush stress from equation (8) . In certain case of material composites sometimes it becomes difficult to determine a specific value for the mean crush load, , from the load displacement curve. Equation (8) is used to obtain the area under the whole load displacement curve and it was used to define the energy absorption capability of the crushing history of kenaf fibre/unsaturated polyester hollow composites.
Results and Discussion
The Load-displacement Curves with Crushing History for the Axially Loaded Hollow Composites
The load-displacement curves with crushing history for the axially loaded hollow composite at different positions are shown in Figures 6-12 .
One of the main factors in measuring crashworthiness performance is the load-displacement relationship of the energy absorption devices. In general, there are three distinct stages in the curves' histories which are the crushing initiation stage, the crushing propagation stage and the material densification stage [27] . During the crushing initiation stage, elastic strain energy is accumulated in the specimen and no gross failure takes place as the load increases. However, the failure mechanism during the pre-crush stage is most probably dominated by local failure mechanisms on a micro scale, such as the micro-buckling of the fibres on the compression side or debonding at the fibre-matrix interface. The positions of the triggered wall as well as the shape of the cross-sectional area are the scenarios that would cause the specimen to fail when a critical load is reached at the end of the initiation phase. Normally, the fracture propagates in two ways, either in a catastrophic "Euler buckling" manner or in a progressive manner continuing to absorb energy at desirable crush loads. Figure 6 shows the compression history of FW kenaf fibre with aluminum/unsaturated polyester for the 90 o wound hollow composite. It is shown that the load increased nonlinearly prior to the onset of matrix micro-cracking, initiated at the ends of the hollow composite, when the initial crashing failure load is developed with 21.425 kN. This is the highest peak. Then, a transverse shear crack at the bottom end of the hollow composite led to a steep drop in the tube's load-carrying capacity, and the curve reached its lowest value of 1.0 kN at 33 mm displacement. It is evident from Figure 6 that the hollow composite exhibited an unstable behaviour. The last lock-up region follows the sharp drop and the load increases non-linearly as shown in Figure 6 . A typical load-displacement curve and deformation history for the FW kenaf fibre with aluminum/unsaturated polyester for the 90 o wound hollow composite are shown in Figure 6 ; the mean crushing load (F peak ) value is 6.644 kN. The number 1 until 4 show the behaviour of the hollow composite when it starts crushing. Such effects of the typical load-displacement curve in composite tubes had also been studied by Mahdi et al. [28] and Elfetori et al. [29] . Figure 7 shows the deformation history and load dis- Figure 5 . Typical load displacement curve [9] . placement curve for FW kenaf fibre with aluminum/ unsaturated polyester for the 45 o wound hollow composite. The load increased non-linearly prior to the onset of matrix micro-cracking initiated at the ends of the hollow composite. In overall, the deformation has three stages, the first stage increases until it reaches the highest peak load value of 20.106 kN at 5 mm. In the second stage, the load drops to reach the lower load and a tiny drop in load-carrying capacity was recorded. The load-displacement curve in this stage corresponds to the progressive fibre debonding and cracking of the matrix. In the third stage the load-displacement curve rises and fluctuates non-linearly. The final lock-up region follows the load increasing non-linearly and then there is a sharp drop as shown Figure 7 . The mean crushing load (F peak ) value is 7.555 kN. This load-displacement curve was observed to be in agreement with the previously reported works of Elfetori et al. [29] and Libo and Nawawi [30] .
The comparison for 90 o and 45 o wound of FW kenaf fibre with aluminum/unsaturated polyester hollow composites is shown in Figure 8 . The result shows that the 90 o wound specimen has higher crushing peak load than the 45 o wound specimen. But the result also shows that the load energy below the graph of load-displacement for the 45 o wound is higher than for the 90 o wound. It has proven that the 45 o wound specimen has more energy absorption as can be seen in Figure 7 . The energy absorbed can be calculated by area under the curve. Figure 9 presents the typical load-displacement curve for a 90 o wound hollow composite of FW kenaf fibre/unsaturated polyester. It can be noticed that the crushing load at the preinitial crush failure stage increased non-linearly and reached its first peak value of 10.802 kN at 4.9 mm displacement (point 1). Following the first peak value, matrix cracking associated with the fibre debonding failure mode was observed. This type of failure leads to material cracking at the crushed zone, which results in a considerable drop in the magnitude of the tube's resistance, reaching its lowest value of 0.1 kN load at 13 mm displacement. The hollow composite resistance was recovered and the load reaches its second peak value of 1.8 kN at displacement of 16 mm. Following the second peak, the load rises gradually to record its next peak. At this instant, the gross deformation of the tube was observed to equal the length of the triggered wall. The crush zones were characterized by debris splitting the tube wall into internal and external fronds. This is repeated until the start of the material densification phase, where the specimen behaved as a rigid body. Previous studies by Libo and Nawawi [30] and Eshkoor et al. [31] reported that the failure modes were significantly dependent on the geometries of the composite tubes as well as the fabrication parameters. Figure 10 shows the deformation process and the corresponding load-end shortening paths for the specimen of kenaf fibre/unsaturated polyester for the 45 o wound hollow composite. In this regime, the curve increases non-linearly until the first initial crushing at the first peak value of 11.390 kN at 5.1 mm displacement (point 1). In this stage, the process of matrix cracking was initiated at the top end of the structure, and there was crack propagation and audible matrix cracking. Subsequently the load-displacement curve dropped from 11.390 kN at 5.1 mm to 2.5 kN at 7.01 mm displacement. This occurs because of matrix cracking and crack propagation. Then stable load-displacement curve behaviour was achieved, fluctuating about 1 kN between 18 mm to 38 mm displacement (point 4). With the progression of the crushing process, it is shown that the hollow composite resistance increased and the load carrying capacity increased. The load reaches the last stage of crushing and the hollow composite behaves as a rigid body, causing load lockup to occur. The typical loaddisplacement curve and deformation histories for FW kenaf fibre/unsaturated polyester for the 45 o wound hollow composite are shown in Figure 10 ; the mean crushing load (F peak ) value is 8.604 kN. The load-displacement curves displayed a significant drop in load after reaching the first peak load, in the preliminary stages of compression and that had been demonstrated previously by Ataollahi et al. [32] . This phenomenon was related to catastrophic failure mode.
Comparison of compression history of ±90 o and ±45 o wound FWL kenaf fibre without aluminum/unsaturated polyester hollow composites is shown in Figure 11 .
The overall comparison between all the specimens (hollow kenaf/aluminum composites and hollow kenaf composites) for ±45 o and ±90 o fibre orientations is shown in Figure 12 . It was found that the addition of aluminum to the kenaf fibre, in order to formulate the hybrid composite structure, has increased the hollow composite's compressive strength. Apart from this, it was also observed that hollow kenaf/aluminum composites with a ±90 o fibre orientation possessed the highest compressive load of 23 kN and failure at a 5.8 mm compressive displacement compared to all specimens. In these studies, aluminum tubes were used together as a mandrel for the specimens, and the kenaf yarn layer was wound upon this. Other researchers have used steel as a mandrel instead of aluminum [33] . In this research, there were two parameters only. Kenaf hollow composite were tested where the aluminum mandrel was removed after manufacturing. Then hollow kenaf/aluminum composites were manufactured and their performance was compared with their non-aluminum counterpart. The hollow composite with aluminum had higher compressive properties, and sequentially showed the brittle fracturing mode with increasing winding angles as reported by Jia et al. [22] .
The primary results include the significant influence of the cross-sectional geometry on the specific energy absorbing capacity, given that stable progressive crushing occurred only in the hollow geometry of the circular cross-section, as reported by Melo and Silva [34] . As can be seen from these figures (Figures 6 to 12) , initially, in overall all the loads increase linearly with increasing displacement up to the initial crushing failure load P, where the load falls. After that, the load-displacement curve fluctuates with sharp peaks and narrow troughs as the displacement increases. This seems to continue until the hollow composite was crushed completely. When this happens, the load increases sharply. The initial and average crushing failure loads for the hollow composite made of the kenaf fibre with and without aluminum reinforced unsaturated polyester for the 45 o and 90 o wound hollow composites are listed in Table 1 .
There are 2 different hollow composite layers which are kenaf layer and aluminum layer and 2 winding angles; ±45 o winding angle as shown in Table 1 . This could be understood with winding angle increasing, the crushing failure load generally caused decreasing result, while the value was minimum at winding angle 90 o . Similar finding was also reported in many studies [22, [35] [36] [37] .
The crushing force efficiency is also presented in the table. It shows the value of the effectiveness of energy absorption during crushing which also could provide some information about the crushing mode of the cylinder [22] . Similar trend was found in the results of crushing force efficiency where 45 o composites were higher than 90 o . The decreasing trend was obviously attributed to the reduction of load bearing by the fiber and the resultant enhancement of longitudinal deformation because of the decreasing of fiber alignment along the longitudinal axis with winding angle increasing.
Crash Energy Absorption and Specific Energy Capability
The fibre angle orientation plays a major role in determination of the composite strength due to the force was exerted by the natural fibre composite and was distributed to the fibre, where the angle of orientation and load distribution are very significant and give the effect to strength of composite properties. Therefore, it is known that fibre angle orientation is deeply related to mechanical properties especially in filament winding fibre of hollow composites. Figure 13 shows the total absorbed crash energy for hollow composite characteristic using filament winding technique. o winding hollow composite with aluminum exhibits the highest energy (J) of absorbed crash energy capability compared with other hollow composites. It is also observed from Table 1 , and Figure 13 that total absorbed crash energy value shows similar behavior with the mean crushing failure load value in terms of variation in angles and different layers (kenaf with and without aluminum) of hollow composites. The absorbed crash energy of natural fibre hollow composites depends on the wound hollow fibres in certain orientations [38] . The specific energy capability of a hollow composite was obtained by integrating the area under the axial loaddisplacement curve of the crushing behaviour [39] . The results show that aluminium with kenaf composite specimen has the highest value of specific energy of specimen 45 o wound kenaf of 11 kJ/kg compared with specimen without aluminum. Table 1, Figure 13 as well as Figure 14 represent that similar behavior as the total energy absorption and mean crushing failure load values for 45 o and 90 o in angle of hollow composites. The specific energy of natural fibre composite using filament winding technique was increased when the angle of winding reduced and these have been supported by Hamada et al. [21] and Jia et al. [22] .
In other words, energy is the area under the load-deformation curve. Thus, it is dependent upon the effect of the angles between the 90 o and 45 o hollow composites, which had also been reported by Karpuz [40] and Ramachandran [13] . For the kenaf composites with aluminum there is an increase in the crushing energy compared with the hollow tube without aluminium. Lastly, the angle of 45 o of wound hollow composites tends to absorb more energy in crushing due to their longest distance in the post-crushing zone.
Conclusion
From this study the following conclusions can be drawn: 1. It is possible to produce filament wound kenaf fibre reinforced unsaturated polyester composites with exceptional compressive strength. 2. The filament wound composites had demonstrated good energy absortion capacity particularly in helical winding mode. 3. Aluminium mandrel had the important role to improve the strength of filament wound kenaf fibre composites. 4. The use of kenaf as reinforcement in filament winding process, particularly in compression mode of loading, had opened up the potentials of kenaf fibres (and other natural fibres) in continuous fibre composite application. 5. Such hollow kenaf composite tubes can be applied in various indusries such as automotive and sport industries. 
